Optimization of spin-triplet supercurrent in ferromagnetic Josephson junctions 
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In the past year, several groups have observed evidence for long-range spin-triplet supercurrent 
in Josephson junctions containing ferromagnetic (F) materials. In our work, the spin-triplet pair 
correlations are created by non-collinear magnetizations between a central Co/Ru/Co "synthetic an- 
tiferromagnet" (SAF) and two outer thin F layers. Here we present data showing that the spin-triplet 
supercurrent is enhanced up to 20 times after our samples are subject to a large in-plane magne- 
tizing field. This surprising result can be explained if the Co/Ru/Co SAF undergoes a "spin-flop" 
transition, whereby the two Co layer magnetizations end up perpendicular to the magnetizations of 
the two thin F layers. Direct experimental evidence for the spin-flop transition comes from scanning 
electron microscopy with polarization analysis and from spin-polarized neutron reflectometry. 

PACS numbers: 74.50.+r, 74.45.+C, 75.70.Cn, 74.20.Rp 



Experimental and theoretical progress in supercon- 
ducting/ferromagnetic (S/F) hybrid systems has been 
impressive over the past decade [1]. When a conven- 
tional spin-singlet Cooper pair crosses the S/F interface, 
the two electrons enter into different spin bands in F 
with different Fermi wavevectors (H . The resulting oscil- 
lations in the pair correlation function lead to oscillations 
in several observable quantities [1], but unfortunately the 
oscillations decay exponentially as soon as the F-layer 
thickness exceeds the electron mean free path [3]. 

In contrast to spin-singlet electron pairs, spin-triplet 
pairs can survive in F as long as they would in a normal 
metal. While spin-triplet superconductivity arises only 
rarely in bulk materials ^\ , it was predicted a decade 
ago that such pairs can be induced in S/F hybrid systems 
in the presence of certain kinds of magnetic inhomogene- 
ity involving non-collinear magnetizations [g'-^. Experi- 
mental evidence for such spin-triplet pairs was elusive for 
many years |9|, [lo|; then, last year, several groups pub- 
lished convincing evidence for spin-triplet supercurrent 
in S/F/S Josephson junctions containing only conven- 



tional spin-singlet S materials jlll-ll4j. The conversion 
from spin-singlet to spin-triplet pairs was accomplished 
either by introducing magnetic inhomogeneity artificially, 
or by relying on a source of inhomogeneity intrinsic to the 
materials in the samples. In our Josephson junctions, the 
central F layer is in fact a Co/Ru/Co "synthetic anti- 
ferromagnet" (SAF) with the magnetizations of the two 
Co layers locked anti-parallel to each other by a strong 
exchange field mediated by the Ru layer (see Fig. 1). 
We insert additional thin F' layers on either side of the 
SAF; these extra layers are crucial to the creation of spin- 
triplet pairs inside the junctions [15]. 

What happens when one tries to magnetize the junc- 
tions by applying a large in-plane magnetic field? One 
might expect the critical supercurrent in the junctions to 



drop, since the generation of spin- triplet pairs requires 
the presence of non-collinear magnetization. The main 
result of this paper is the observation that just the oppo- 
site happens. After magnetization, the critical current, 
/c, increases up to a factor 20 relative to its value in 
the as-grown state. This seemingly counter-intuitive re- 
sult can be understood by considering a unique property 
of the SAF: when the large magnetizing field H app is 
applied, the Co magnetizations "scissor" towards Happ- 
When the field is removed, the Co magnetizations re- 
lax back to directions perpendicular to Happ- This SAF 
"spin-flop" transition was predicted and first demon- 
strated over a decade ago. [Id [l7| 
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FIG. 1: (color online). Schematic diagram of the Josephson 
junctions used in the this work, shown in cross-section. 

Our sample geometry is illustrated in Fig. 1. The 
two layers labelled F' are either pure Ni or Pdo.88Nio.12 
alloy in this work [ll|, ^8|. The inner Cu layers magneti- 
cally isolate the F' layers from the Co layers. The outer 
Cu layers are present for historical reasons and because 
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Co grows better on a Nb/Cu buffer layer [IQ^. The en- 
tire multilayer except for the top Nb is sputtered in one 
run without breaking vacuum. Circular junctions with 
diameters of 10, 20, and 40 jam are patterned by pho- 
tolithography and ion milling, followed by deposition of 
insulating SiOa^ to isolate the top and bottom Nb leads. 
Finally the top Nb electrode is sputtered through a me- 
chanical mask. The purpose of the Au layer is to sup- 
press oxidation of the structure during processing; at low 
temperature the Au becomes superconducting due to the 
proximity effect with the surrounding Nb layers. The Nb 
layers start to superconduct just above 9 K; all of the 
data presented here were obtained at 4.2 K. 

The original purpose of the Co/Ru/Co SAF was to 
provide a strong exchange field for the electrons while si- 
multaneously producing little to no magnetic fiux in the 
junctions. Large-area Josephson junctions containing a 
strong ferromagnetic material such as Co exhibit compli- 
cated and irregular "Fraunhofer patterns" when subject 
to an applied transverse magnetic field lH, 2o|. The ir- 
regularities are due to a random pattern of constructive 
and destructive interference in the gauge- invariant phase 
difference across the junction caused by the complicated 
spatial variation of the magnetic vector potential [21 1. 



The presence of the Ru restores textbook-like Fraunhofer 
patterns centered very close to zero applied field [19j, an 
indication that there is very little intrinsic magnetic fiux 
in the junctions. In this work, the Ru will serve a second, 
unexpected role, namely to provide a simple way to force 
the magnetizations of the Co layers to be perpendicular 
to the magnetizations of the F' layers. 

As background to the new data presented here, we 
briefiy review our previous results [ill, [l8|. Josephson 
junctions of the type illustrated in Fig. 1, but without 
the F' layers, exhibit a critical supercurrent (Ic) that de- 
cays rapidly with increasing Co thickness [19]. Defining 
Dco as the sum of the thicknesses of the two Co layers, 
we find that Ic oc exp{—Dco/le) with mean free path 
le = 2.3nm, for Dco ranging from 3 to 23 nm. Inser- 
tion of the F' layers with appropriate thicknesses {dF' 
between 3 and 6 nm for F'=PdNi, or dp' between 1 and 
2 nm for F'=Ni) enhances Ic by over two orders of mag- 
nitude when Dco = 20nm. The dependence of Ic on Dco 
is nearly fiat when Dco varies over the range 12-28 nm, 
with F'=PdNi and dpdNi — 4nm. This long-range be- 
havior of the critical supercurrent is the signature of its 
spin-triplet nature. For the rest of this paper we will fo- 
cus on samples containing F' layers of either PdNi or Ni, 
with Dco fixed at 20 nm. 

Fig. 2 illustrates what happens when samples with 
F'=Ni and four values of d^i are subjected to an applied 
in-plane magnetic field. Haw After each value of field 
is applied, the full Fraunhofer pattern is re-measured in 
the vicinity of zero field, and we plot the maximum value 
of Ic at the central peak of the Fraunhofer pattern. Fig. 
2 shows that, at first, very little happens. Then when 
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FIG. 2: Critical current times normal-state resistance (IcRn) 
as a function of magnetizing field Happ for Josephson junc- 
tions containing F'=Ni, for Ni thicknesses dNi = 1-0, 1.5, 2.0, 
and 2.5 nm for panels (a) -(d), respectively. Magnetizing the 
samples enhances Ic by a large factor that depends on dNi- 
(Uncertainties are dominated by changes in magnetic config- 
uration, and can be estimated from the scatter in the data.) 



Happ exceeds the coercive field of the Ni layers (in the 
range of jhqH ^ 0.05 — 0.15 T depending on djsfi)^ Ic 
starts to increase dramatically. At large Happ^ Ic fiattens 
out after having increased by a large factor - up to 20 
for djsji = l.Onm. At the same time, the central peak 
in the Fraunhofer patterns (not shown) shifts to a small 
negative field value that is proportional to the Ni thick- 
ness, and consistent with the remnant magnetization of 
our Ni films [22^ . The Fraunhofer shifts indicate that the 
Ni layers are fully magnetized when Ic saturates in Fig. 
2. Similar behavior to that shown in Fig. 2 was found in 
samples with F'=PdNi with dpdNi = 4nm, but in that 
case the coercive field is larger - Ic starts to increase only 
when ji^Happ exceeds 0.15 T, and doesn't saturate until 
fioHapp = 0.3T. This behavior is consistent with the very 
large coercive field of PdNi thin films [21]. The Fraun- 
hofer pattern also shifts in the samples with F'=PdNi, 
but this time by a smaller amount consistent with the 
remnant magnetization of our PdNi films. 

Theory predicts that the spin-triplet supercurrent in 
our samples is optimized when the magnetizations of the 
two F' layers are perpendicular to those of the central Co 
layers |15|, l23|, |2^ . In fact, no spin-triplet pairs should 



be generated when all the magnetizations in the sample 
are collinear. The large enhancement of the critical cur- 
rent shown in Fig. 2 strongly suggests that magnetizing 
the samples optimizes the orthogonality of the Co mag- 
netizations with respect to the F' magnetizations. The 
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small shift of the Fraunhofer pattern, on the other hand, 
indicates that only the F' layers are magnetized in the 
direction of Happ- This scenario is perfectly plausible in 
the light of the "spin-flop" transition of the SAF [Tel, [13. 
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FIG. 3: (color online) Polarized neutron reflectivity data and 
fits (solid lines) as a function of wavevector Q from a partial 
Josephson junction in a small guide field of < 0.001 T a) as- 
grown and b) after application of a 0.3 T field. The nonspin- 
flip cross sections, R^^ and R~~, correspond to the blue and 
red circles respectively. The spin-flip cross sections, R ^ and 
R^~, correspond to the purple and green triangles. 

To identify the magnetic structure responsible for the 
enhancement of the spin-triplet supercurrent, we made 
a large-area sample of the form Si/Nb(150 nm)/Cu(10 
nm)/Co(6 nm)/Ru(0.6nm)/Co(6nm)/Cu(10 nm), which 
has the Josephson junction layer structure shown in Fig. 
1 through the Cu layer on top of the upper Co layer. 
The Co magnetizations were characterized with the com- 
plementary techniques [25] of specular polarized neu- 
tron reflectivity (PNR) and scanning electron microscopy 
with polarization analysis (SEMPA) at room tempera- 
ture. (PNR measurements were also performed at low 
temperature on a different sample, with results similar to 
those shown here.) PNR nondestructively measures the 
net in-plane magnetization for each ferromagnetic layer, 
even in the presence of a field. SEMPA combined with 
ion milling images the remanent magnetic structure in 
each layer. 

The magnetization of the ferromagnetic layers was first 
analyzed in the as-grown state. For the PNR mea- 
surements, performed on the NG-1 Reflectometer at the 
NIST Center for Neutron Research, the spin states of the 
incident and scattered neutrons were selected to produce 
the nonspin-flip (NSF) cross sections (R++ and R ) and 
the spin- flip (SF) cross sections (R+~ and R ^) shown 
in Figure [3l The NSF scattering is sensitive to the nu- 
clear structure of the sample, and the splitting between 



R++ and R originates from the projection of the mag- 
netization parallel to the guide field (< 0.001 T). The SF 
scattering is entirely magnetic and arises from the com- 
ponent of the magnetization that is perpendicular to the 
field. The data were all fit with a model using the Reflpak 
software package [2^ to determine the depth-dependence 
of both the composition and vector magnetization aver- 
aged across the 1 cm^ area of the sample. 

In Fig. [3K), the NSF cross sections are dominated by 
structural contributions, but the R++ and R exhibit 
a small splitting indicative of a net moment component 
parallel to the field. The SF scattering is small, but non- 
zero, consistent with a slight canting of the Co layer mag- 
netizations away from the field. The red arrows in Fig. 
UK) and b) represent the average orientation and mag- 
nitude of the net magnetizations of the top and bottom 
Co layers obtained from the PNR fits. SEMPA was then 
used to image the magnetization of each layer within a 
^ 1 mm^ ion-milled window of the same sample. Ion 
milling with 800 eV Ar ions first reveals the top Co layer 
magnetization (Fig. E^), and then the bottom Co layer 
(Fig. HJd). The distribution of magnetization directions 
in these images are shown in the corresponding polar 
plots. Both the PNR and SEMPA measurements indi- 
cate a preferred direction for the magnetization in the 
as-grown state, with most of the magnetization aligned 
along an angle approximately 20° relative to a sample 
edge. Both measurements also show antiferromagnetic 
coupling between the top and bottom Co layers. 




FIG. 4: (color online) SEMPA images of the magnetization 
in the top (a,c) and bottom (b,d) layers before (a,b) and after 
(c,d) an applied field of 0.3 T. Polar histograms to the right of 
each figure show the distribution (in grey) of magnetization 
angles in the image. The average magnetization from the 
image (black arrow) and the magnetization measured using 
PNR (red arrow) are also shown. 

A 0.3 T field was then applied along the sample edge 
(at 0° in Fig. g]), and the PNR and SEMPA remanent 
state measurements were repeated (Figs. [3]3,|4l3 and|4]i). 
The specular reflectivity shows a pronounced increase in 
the SF scattering relative to the as-grown state (Fig. 
[3ti) indicating that the projections of the layer magne- 
tizations perpendicular to the field have increased, and 
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the R++ and R NSF cross sections are now essen- 
tially equal. The red arrows in Fig. \^) and d), ob- 
tained from the PNR fits, show that the net magnetiza- 
tion of each layer has rotated in opposite directions away 
from the applied field, consistent with a spin fiop tran- 
sition. The PNR analysis also indicates that the mag- 
nitudes of the Co net layer magnetizations are reduced 
from their as-grown values, indicative of a decrease in av- 
erage domain size. These measurements complement the 
SEMPA measurements performed on another 1 mm^ area 
of the sample. The SEMPA images in Figs. Ht) and|4]i) 
show that the field induces a more complicated remanent 
magnetic structure, with a bimodal domain distribution 
within each layer that is tilted away from the applied 
field. These SEMPA data are consistent with a relaxed 
scissor state induced by a spin-fiop transition. A com- 
parison between top and bottom Co layers in both the 
SEMPA and PNR results shows that they are still antifer- 
romagnetically coupled. (The PNR data show no direct 
evidence of the bimodal distribution because the refiec- 
tivity the Co-bilayer spin configuration shown in Figs. 

and mi is nearly identical to that for the configuration 
that is mirror symmetric about the field. The actual spin 
state is clearly a linear combination of these two.) Also, 
SEMPA and PNR measurements on similar samples con- 
taining F' layers of Ni or PdNi confirm that the remanent 
magnetizations of those layers point in the direction of 
Happ after application of 0.3 T. 

The PNR and SEMPA measurements reveal that the 
evolution of the magnetic structures within the SAF 
is complex, but is consistent with a spin-fiop transi- 
tion. While this transition explains the field-induced 
spin-triplet supercurrent enhancement, it is notable that 
the state has multiple in-plane domains and the Co layer 
magnetizations are tilted slightly from the direction per- 
pendicular to the applied field. 

In conclusion, we have observed a large enhancement of 
the spin-triplet supercurrent in S/F'/SAF/F'/S Joseph- 
son junctions when the F' layers are magnetized by an 
applied field and the SAF undergoes a spin-flop transi- 
tion. This result confirms the theoretical prediction that 
the spin-triplet supercurrent is maximum when the mag- 
netizations of the adjacent ferromagnetic layers inside the 
junctions are aligned perpendicular to each other. This 
result also underscores the need for characterization and 
control of the magnetic structure to optimize the perfor- 
mance of spin-triplet S/F/S devices. This could be done 
in the future by a number of methods, e.g. by exploit- 
ing shape anisotropy or by using magnetic materials with 
perpendicular-to-plane anisotropy. 
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